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3D-CFD analysis of the effect of cooling via
minitubes on the performance of a three-fluid
combined membrane contactor
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Abstract
A 3D computational fluid dynamics model was adopted to study the effects of internal cooling on the
performance of a three-fluid combined membrane contactor (3F-CMC), in the presence of minitubes in
solution and a spacer in the air channel. This compact 3F-CMC is part of a hybrid climate-control system,
recently developed for serving in electric vehicles. For the studied operating conditions, results show that
the absorption and sensible effectiveness parameters increase up to 77% and 124% by internal cooling,
respectively. This study also reports 3D flow effects on the heat and mass transfer enhancement inside the
contactor, with implications for further design improvements.
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1 INTRODUCTION
Due to the limited energy storage capacity of electric vehicles
and in order to extend their range, it is crucial to develop more
energy-efficient air conditioning systems, especially for cooling
and dehumidifying of hot and humid air [1, 2, 3]. Conventional
vapour compression systems (VCS), which have been widely used
in air conditioning, are very efficient to handle the sensible heat
of air even though they suffer from inherent drawbacks. In fact,
VCS cannot handle the air humidity and the latent load efficiently,
especially in hot and humid climates [4]. In addition, the wet
condition in such devices provides a suitable environment for
mould and bacteria to grow that brings up serious health concerns
and can reduce the quality of the conditioned air.
A reasonable approach to tackle these issues is to dehumidify
the air by using liquid desiccants, as discussed in the literature
[5, 6, 7, 8, 9]. Liquid desiccant and humid air might be in contact,
without any separating media, where the moisture is directly
absorbed from humid air into desiccant [10, 11]. However,
this method also has some disadvantages, including desiccant
droplets carry over in the handled air [12]. To prevent this issue,
membrane-based dehumidifiers have been developed, where
the process air and liquid desiccant are separated by means of
a selective membrane [13, 14]. In these liquid–air membrane
contactors, heat andwater vapour transfer through themembrane
while the liquid desiccant cannot pass through the pores under
the operating pressures. During the vapour absorption into liquid
desiccant, the condensation and dilution heats are released and
liquid desiccant warms and dilutes, leading to a reduction in the
dehumidification performance that could be prevented by cooling
the desiccant. Thus, mainly two different approaches have been
adopted to control the temperature of the desiccant within an
acceptable range in membrane contactors. These are ‘approach 1’:
applying cooling via adjacent channels [15], and ‘approach 2’:
cooling minitubes, located inside the desiccant [16].
Several numerical studies have been carried out on the perfor-
mance of two-fluid membrane contactors (2F-MC) for dehumid-
ification (see e.g. [17, 18, 19, 20]). Furthermore, in recent years, a
growing number of publications has focused on internally-cooled
dehumidifiers [15, 21, 22, 23]. Even though there are some 3D
computational fluid dynamics (3D-CFD) studies of the heat and
mass transfer in the case of internal cooling via ‘approach 1’ [24],
the authors are not aware of any 3D-CFD study of the heat and
mass transfer in the case of internal cooling based on ‘approach 2’.
Let us provide somemore details on the state of the art in the area.
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which the refrigerant flows in cooling channels adjacent to the liq-
uid desiccant, while air flows inside the hydrophobic membrane
capillaries located in the desiccant channel. In their paper, they
also established a lumped-parameter model for studying the per-
formance of the contactor numerically. Yang et al. [21] adopted a
mathematical model based on the effectiveness-NTU (Number of
Transfer Units)method to investigate the conjugate heat andmass
transfer in an adjacently-cooled membrane-based dehumidifier.
Recently, Huang et al. [22] adopted a lumped-parametermodel to
describe the heat and mass transfer in a parallel plate membrane-
based dehumidifier, cooled internally by means of cooling tubes
inside the desiccant channel. Lately, Woods and Kozubal [23]
analysed the importance of the heat and mass transfer resistance
in a parallel plate three-fluid dehumidifier by means of solving
partial differential equations for mass and energy balances,
assuming uniform flow through each fluid channel.
Previous studies on two- and three-fluid membrane contactors
have mostly focused on the operating conditions and outlet
parameters, while interior heat and mass transfer was studied
by few researchers [18, 24]. Thus, the effects of the local heat and
mass transfer inside the dehumidifier on the absorption potential
are still poorly understood. In fact, the local heat andmass transfer
become more important when the simplifying assumptions are
not valid anymore. For example, for flows with strong mixing and
disrupted boundary layers, simplified methods using lumped-
parameter or 2D models fail to predict the correct performance,
and need to be adjusted by means of experiments. In this way,
Huang et al. [18] applied Navier–Stokes equations to study the
effects of developing entrances in parallel-plate ducts but in a two-
fluid membrane contactor, where there was no internal cooling.
Later, Huang et al. [24] studied conjugate heat and mass transfer
in a membrane-based dehumidifier, in which water was sprayed
in an adjacent channel to the desiccant and the water falling
films internally cooled the solution. They solved simplified Stokes
problems coupled to reduced heat and mass transfer equations.
However, in the complex geometries, for instance, in the presence
of cooling minitubes in the solution and spacer in the air channel,
more accurate and detailed numerical approaches need to be
adopted to provide not only a greater insight into the influence of
internal cooling, but also the 3D flow effects on the water vapour
absorption rate and dehumidification performance.
Recently, Isetti et al. [1, 25] proposed a three-fluid combined
membrane contactor (3F-CMC) as part of a new hybrid climate-
control system for electric vehicles. In this membrane contactor,
humid air and liquid desiccant flow inside two separate channels
so that each one is confined by two selective membranes. To
control the desiccant temperature some minitubes, where the
refrigerant flows, are located inside the desiccant channels. In
this way, the water vapour is better absorbed by the desiccant
throughout the membrane and the latent load of the absorption
process is faced by this internal heat sink, namely a suitable
refrigerant mass flow rate.
In addition to the internal cooling, another important fac-
tor influencing the performance of the membrane contactors is
the thermal and concentration polarization in the air channels.
A few experimental studies have addressed the effects of an airside
spacer on the performance of membrane contactor dehumid-
ifiers [26]; however, due to the complex flow patterns, it has
been neglected in the numerical investigations and the 3D effects
remained poorly visualized and understood.
In this paper, a comprehensive fully 3D-CFD model is used to
investigate the effect of internal cooling on the absorption poten-
tial of a 3F-CMC where a spacer is present in the air channel, and
cooling is achieved by means of minitubes in the solution, and to
compare it with the respective 2F-MC. This 3F-CMCwas recently
proposed by Isetti et al. [1, 25].Moreover, the 3Dfloweffects of the
3F-CMC design on the concentration and thermal polarization
phenomena are reported to deepen our understanding of the heat
andmass transfer inside themembrane contactor, which will pave
the way for further developments.
1.1 Description of the 3F-CMC
A small-scaled prototype and a computer-aided engineering
(CAE) design of the considered 3F-CMC are shown in Figures 1
and 2. The current unit consists of 11 repetitive elements, which
are assembled to form the 3F-CMC. The prototype of the 3F-




of external air with an air pressure drop lower than 100 (Pa);
the prototype volume is V = 6.6 (dm3), with a ratio between
active membrane surface and volume equal to R = 100m−1. The
prototype’s compactness can still be enhanced, thus further easing
its installation on board of electric vehicles that are now on the
market. Figure 2 also depicts a magnified section of some repeti-
tive elements, showing the membranes (in red), spacer (in green),
frame (in blue) andminitubes (in grey). In the current device, the
spacer plays an important role in supporting the membrane to
prevent its deflection and in enhancing the heat andmass transfer
by increasing the airflow mixing along the air channel. Two adja-
cent frames with all components inside (membranes, minitubes
and sealing gaskets) and one spacer form the repetitive element
of the 3F-CMC. As Figure 2 shows, different flow domains can be
distinguished: the channels for air, given by the spacer and mem-
branes, and the domain for desiccant, on the outside of minitubes
and confined by the membranes. In detail, humid air flows inside
the air channels crossing the spacer, while the liquid desiccant
flows in the orthogonal direction between themembranes and the
minitubes. In the minitubes lumina the refrigerant flows to cool
the desiccant; the refrigerant and desiccant flows have co/counter
current arrangement, transversal to the humid airflow direction.
1.2 Numerical model
Since the whole process in the absorption dehumidification is
complicated, the steady state flow is considered and the following
simplifying assumptions are adopted:
• Water vapour condenses at thewettedmembrane surface in the
desiccant channel;
• Both humid air and solution flows are laminar and
incompressible;
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Figure 1. The prototype of the 3F-CMC (two views).
Figure 2. (Left) CAE design of the 3F-CMC (vectors illustrate the airflow direction through the device) and (right) Amagnified section of the CAE design, illustrating
the air and solution channels, spacer (in green), minitubes (in grey) and membranes (in red).
• Neither vapour condensation at the airside nor salt crystalliza-
tion at the desiccant side of the membrane are considered.
In the current work, half of one repetitive module is modelled,
including the spacer, minitubes, air and desiccant channels with
onemembrane in between. For each phase (i.e. humid air and LiCl
solution), the following governing equations have to be solved:
Continuity:
∇ · (ρj−→u j
) = Sm,j (1)
Momentum:
∇ · (ρj−→u j−→u j
) = −∇pj + ∇ · τj (2)
Energy:
∇ · (ρj−→u jhj
) = τj : ∇−→u j − ∇
(
kj∇T
) + Sh,j (3)
Here j ∈ {a, d}, and the stress tensor reads as:
τj = μj
[(




∇ · −→uj I
]
.






∇ · (ρa−→u acv − ρaDv−a∇cv
) = Sv (4)
After water vapour passes through the membrane condenses
into liquid water, which dilutes the desiccant. Thus, one transport
equation is also solved for the mass fraction of the condensed
water (ccw = mcw/md,i) in the liquid desiccant, reading as
∇ · (ρd−→u dccw − ρdDcw−d∇ccw
) = Scw (5)
Since both flows are dilute for the vapour and condensed
water, the ‘constant dilute approximation’ for the diffusivity (D) is
applied in this study.
In this numerical approach, heat and mass transfer between
different phases are coupled by setting proper source terms, added
to the governing equations. These source terms are based on the





which are non-zero in the very first layer of cells in the desiccant
domain, adjacent to the membrane. In the adopted finite volume-
based method, source and sink terms are defined based on the
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ṁsurdA → ṁvol = AcellVcell ṁsur (6)
Here Vcell represents the cell volume of the meshes in which
mass transfer takes place, and Acell is the corresponding surface
of these cells attached to the membrane surface.
Furthermore, due to the water vapour diffusion through the
membrane, followedby condensation, the latent heat of condensa-
tion and dilution are released on the desiccant side. In the current
study and for the considered range of LiCl mass fraction, the
heat of dilution is deemed negligible compared to the heat of
condensation and the source terms read as
Sm,d = ṁvol (7)
Sh,d = ṁvol
(
hl + cp (T − T0)
)
Sh,a = −ṁvolcp (T − T0) (8)
Sv = −ṁvol
Ssw = ṁvol (9)
1.3 At the membrane
The membrane is modelled as a solid wall that separates the
desiccant and humid air flows, while the heat and mass flux,






At the desiccant side of the membrane where absorption takes
place, the equilibrium partial pressure (PP) of water vapour
reduces, while on the other side of the membrane, the (PP)
of water vapour is higher. This difference in the (PP) of the
vapour drives water molecules through the microstructure of






Here Kv is the mass transfer resistance coefficient, pva is the
(PP) of the vapour in the air, and pvd is the equilibrium (PP) of
thewater vapour at the interface of air/desiccant. Conde-Petit [27]
proposed the following relations for the equilibrium (PP) of water
vapour for LiCl solution
pvd (T, x) = psvπ25 (A + Bθ) , (12)
where the saturation pressure for water vapour reads as
psv(T) = 610.94 × exp
(
17.625 (T − 273.15)































In Equations (14–16) the salt concentration is
x = mLiCl
md + mcw . (18)
1.4 Boundary conditions
In this study, the spacer is modelled as a solid zone where heat
is conducted, coupled with the convective heat transfer in humid
air. The inlet and outlet boundary conditions, for both desiccant
and humid air, are velocity-inlet and pressure-outlet, respectively.
The minitubes are assumed adiabatic with Neumann boundary
condition in the 2F-MC case, while in the 3F-CMC are set to a
constant temperature to account for the changing-phase refriger-
ant. All the other boundary conditions and the simulation process
for both cases are the same. The membrane is reduced to a thin
solid wall where the heat is conducted through it, coupled with
the fluid zones on both its sides.
1.5 Solution scheme
In the present study, ANSYS-Fluent (v.18.1) was used to inves-
tigate the conjugate heat and mass transfer in the 3F-CMC. The
absorption process was modelled by developing proper user-
defined functions and scalars. To describe the humid air, the
Species model was used with weighted-average properties of dry
air and water vapour. The velocity and pressure coupling was
achieved by Coupled algorithm.Mesh dependency was examined
and 9.2× 106 hexahedral cells were chosen for the computational
domain. The criterion for the convergence is when the residuals
drop below 10−7.
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1 5.29 8.31 14.3 32.1
2 5.31 8.36 20.2 32.0
3 5.32 12.46 14.2 32.1
4 5.32 8.47 14.2 37.0
Figure 3. Current numerical results vs. experimental data reported in [28].
2 RESULTS AND DISCUSSIONS
2.1 Validation
First, the numerical model for conjugate heat and mass transfer
through a selective membrane is validated using the experimental
data for a simpler case of a 2F-MC, reported in [28]. In [28],
the authors investigated the influence of different inlet conditions
on the performance of a small-scale single-panel liquid-to-air
contactor, in whichmoisture is absorbed fromhumid air into LiCl
solution through a selective membrane. Table 1 presents different
test conditions reported in [28] where the temperature of the inlet
air and desiccant are 297.15 (K) and 303.15 (K), respectively.
Figure 3 compares the experimental data emerged from their tests
and the numerical results from the current CFD simulation. Here,




is obtained by fitting
the numerical data with the first experiment, indicated as ‘EXP.
No. 1’ in Table 1. Then, the obtained coefficient forKv was applied
to other cases and, as Figure 3 shows, the numerical results for the
outlet temperatures and humidity agree well with the published
experimental data under different operating conditions.
2.2 Simulation of the 3F-CMC
The dehumidification process inside the 3F-CMC was modelled
and compared with respective 2F-MC (same device with no
refrigerant involved) to investigate the effects of internal cooling
on the water vapour absorption. In the simulations, based on
Table 2. Spacer, membrane and desiccant properties.










ρmem 1320 cpmem 970
















the foreseen operating conditions, the LiCl solution enters the





, andTd,i = 290.25 (K). The humid air enters




and Ta,i = 303.65 (K),
while the relative humidity is 63%
(
cv = 17.4 g kg−1da
)
. In the
3F-CMC where the desiccant solution is cooled internally, the
minitubes temperature (Tref ) is 288.25 (K). The thermo-physical
properties of the spacer, membrane and LiCl solution used in the
simulation are summarized in Table 2.
To investigate the performance of the contactor, two effective-
ness parameters are introduced as the absorption effectiveness
(εab) and sensible effectiveness(εse). In this paper, εab and εse are
respectively defined as the ratio of the actual removed moisture
and reduced temperature of humid air to the maximum possible
values in the reference case, i.e. the ideal case where both the tem-
perature and concentration of desiccant are considered constant
and equal to their inlet values. Then, the effectiveness parameters
read as [29]
εab = cv,i − cv,ocv,i − cd,i (19)
εse = Ta,i − Ta,oTa,i − Td,i , (20)
where cd,i is the equilibrium water vapour content at the interface
between air and inlet liquid desiccant, defined as
cd,i = 0.622 pvd,ipi − pvd.i . (21)
In Figures 4–7 humid air enters from the bottom and the
desiccant flows from the right to the left, separated by the mem-
brane (see Figure 4). As Figure 4 shows, there is a significant
difference in the temperature fields at the membrane between
two cases (3F-CMC and 2F-MC). In the 2F-MC (left), a gradual
increase in the temperature of the desiccant at the membrane is
seen. On the contrary, it is apparent that for 3F-CMC (right) the
temperature distribution on the membrane is largely affected by
the refrigerant temperature, especially above the minitubes. This
figure shows how the internal cooling successfully restrains the
desiccant temperature within a significantly narrow range.
Figure 5 shows the effects of the temperature on the vapour
equilibrium (PP) at the desiccant side and Figure 6 illustrates the
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Figure 4. Temperature distribution (K) at the membrane (airside) and minitubes for the 2F-MC (left) and 3F-CMC (right). Dashed and solid arrows indicate the
desiccant and airflow directions, respectively.
Figure 5. Water vapour equilibrium (PP) at the membrane (desiccant side) for the 2F-MC (left) and 3F-CMC (right). Dashed line illustrates the location of the
longitudinal cross-section.
Figure 6. (PP) of water vapour at the membrane (airside) for the 2F-MC (left) and 3F-CMC (right).
water vapour (PP) at the airside of the membrane. From Figures 5
and 6 it follows that in the 2F-MC, by increasing the temperature
the equilibrium (PP) at the desiccant side of the membrane is
continuously increasing, while the absorption potential decreases.
It makes the major part of the membrane surface less effective,
in terms of water vapour absorption, compared to the entrance
region. On the contrary, for the 3F-CMC, the water vapour pres-
sure difference and the overall mass transfer potential at the
wetted membrane surface is higher. In this way, the driving force
for the moisture transport through the membrane does not drop
and is almost constant along the desiccant flow direction, leading
to a higher absorption rate compared to the 2F-MC.
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, for 2F-MC (left) and 3F-CMC (right); (top) at the membrane (desiccant side) and (bottom) at the
magnified section of the outlet.









Furthermore, Figure 7 compares the distributions of the mass




at two sections: (top) at the
desiccant side of the membrane, and (bottom) at the outlet of the
desiccant channel. This distribution is due to the mass transfer
from humid air to the liquid desiccant, which is convected and
diffused through the liquid desiccant. It is evident that the amount
of the condensed water in the 3F-CMC is remarkably higher than
2F-MC.
Figure 7 (bottom) shows the distribution of mass fraction of
the condensed water at the outlet cross-section, normal to the
desiccant flow direction. Evidently, there is higher concentration
of the condensed water on top of the minitubes. This phe-
nomenon might be explained by the low-temperature and low-
velocity zones, right above the minitubes. This concentration
gradient, known as concentration polarization, is reported in
different membrane-based separation processes for liquid and
gas feed flows [30, 31]. This figure implies how the tempera-
ture and velocity of the desiccant can affect the local moisture
absorption.
Additionally, the considered 3F-CMC could be distinguished
from available membrane contactors due to the particular design
of the spacer. One main role of the spacer in the 3F-CMC is
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contours in the 3F-CMC (magnified sections are shown at bottom).
Figure 10. Effects of the temperature of the refrigerant on the absolute moisture
removal, absorption and sensible effectiveness parameters.
to enhance heat and mass transfer by increasing the mixing
and decreasing the polarization phenomena. Numerical results
from the current CFD simulation predict a proper functionality
of the spacer to meet this purpose. Figure 8 illustrates the
streamlines of the inlet airflow through one air channel (in the
views shown in Figures 8 and 9 air flows from right to left). These





temperature (T) undergo changes between the inlet and outlet.
As these streamlines indicate, the spacer induces mixing in the air
channel. Figure 9 depicts the distributions of the corresponding
temperature, velocity and specific humidity in a longitudinal
cross-section of the 3F-CMC, perpendicular to the desiccant/
refrigerant flows as shown in Figure 5 (with dashed line). As it
is implied by Figure 8(top) and supported by Figure 9(a) (in 2D
view), due to these 3D effects caused by the spacer, the thermal
boundary layer at the membrane is disrupted, which leads to the
heat transfer enhancement. These 3D effects on theflowboundary
layer are also evident in Figure 9(b), where the velocity contour (in
2D view) is illustrated. Similarly, the same mechanism is seen in
Figure 8(bottom) and Figure 9(c) for the mass fraction of water
vapour in humid air, which is linked to the water vapour (PP).
Indeed, due to the moisture absorption, along the air stream, the
water vapour content in the humid air reduces and a low vapour
concentration boundary layer starts forming and growing at the
membrane sheet, which is disrupted and broken by the airflow
mixing. In this way, the concentration polarization on the airside
(feed side) of the membrane reduces, leading to a higher driving
force for the water vapour absorption through the membrane.
Thanks to the spacer design, this phenomenon enhances the
dehumidification and absorption effectiveness of the device.
Moreover, the performance of the 3F-CMC was investigated
for different refrigerant temperatures and was compared with the
respective 2F-MC (no internal cooling). As Figure 10 demon-
strates, the minitubes´ temperature has a remarkable influence
on the absolute moisture removal and effectiveness parameters
compared to the 2F-MC case. According to the numerical results,
when the refrigerant temperature is 293.15 K, the absolute
moisture removal in the 3F-CMC is 47% higher compared to
that of the 2F-MC. By decreasing the refrigerant temperature to
288.25 K, leading to a stronger internal cooling, this enhancement
rises to ∼79%. This shows how internal cooling promotes the
absorption rate in the current 3F-CMC, by raising the affinity of
the desiccant for the water vapour.
As Figure 10 illustrates, the 3F-CMC also treats the sensible
load more effectively than the 2F-MC. As numerical results
demonstrate, the sensible effectiveness parameter in the 3F-CMC







niversità degli Studi di G
enova user on 17 D
ecem
ber 2019
E. Afrasiabian et al.
increased from 0.68 to 0.94 when refrigerant temperature
decreased from 293.15 to 288.25 that are respectively 62% and
124% higher than that of the 2F-MC. Likewise, these values for
the absorption effectiveness parameter ranged from 47% to 77%.
These imply that in the 3F-CMC both streams at the outlets are
partially cooled, and the absorption rate is enhanced accordingly.
Based on the above discussion the lower refrigerant temperature
results in the higher absorption rate in the 3F-CMC.
3 CONCLUSION
In the present paper, we studied the conjugate heat and mass
transfer inside a membrane-based dehumidifier, called 3F-CMC,
designed for serving in a hybrid climate-control system for
electric vehicles. A fully 3D-CFD model was adopted to study
the effects of internal cooling in a compact membrane contactor
for liquid desiccant dehumidification, where the minitubes
and spacer are presented in the desiccant and air channels,
respectively. The applied numerical method provides detailed
information to understand the flows´ complex behaviour and
absorption potential inside the device. The results of this investi-
gation showed that the current spacer design of the 3F-CMChas a
significant impact on the heat and mass transfer enhancement by
disrupting water vapour concentration and thermal boundary
layers. Moreover, this study showed that internal cooling has
an important impact on the moisture absorption rate and the
sensible load facing. As numerical results indicated, the absolute
moisture removal in the internally-cooled contactor (3F-CMC),
when 288.25 < Tref < 293.15 K, is between 47% and 79% higher
than the respective 2F-MC, which works without the refrigerant.
Likewise, the sensible effectiveness parameter increased from
0.42 in the 2F-MC to the value between 0.68 and 0.94 in the
3F-CMC, in the considered range of refrigerant temperatures.
Taken together, these findings deepen our understanding of how
dehumidification takes place in complex geometries along with
implications for the future optimization of the membrane-based
dehumidifiers.
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